Certain osmophilic yeasts grown in the presence of high glucose concentrations produce, in addition to ethanol and C02, a variety of polyhydric alcohols; glycerol, erythritol, D-arabitol, and mannitol have been identified ). The effects of environmental conditions, salt concentrations, nitrogen sources, and aeration upon production of polyols have been studied in detail (Spencer and Shu, 1957; Onishi, Saito, and Koshiyama, 1961) . Saccharomyces rouxii P8a, grown on specifically labeled glucose, produced D-arabitol with labeling patterns consistent with the postulate that the pentitol arose from D-ribulose-5-phosphate . With the demonstration of a pyridine nucleotide-linked D-arabitol (-* Dxylulose) dehydrogenase in bacteria (Wood, McDonough, and Jacobs, 1962) , attention has been directed to the mechanism of D-arabitol formation by these yeasts. Recently, two conflicting reports have appeared stating that Dxylulose (Blakely and Spencer, 1962) and D- ribulose (Weimberg, 1962) whether D-arabitol arises by reduction of a ketopentose phosphate followed by a subsequent dephosphorylation, or by reduction of a ketopentose produced by dephosphorylation or other processes. The present report deals with the enzymatic steps leading to the biosynthesis of D-arabitol in S. rouxii P3a.
MATERIALS AND METHODS
Bacteriological. The P8a strain of S. rouxii was obtained from the National Research Council of Canada, Prairie Regional Laboratory, Saskatoon, Saskatchewan, Canada. The yeast was maintained on a solid medium composed of 60% honey, 1% yeast extract, 0.23% urea, and 2% agar ). The fermentation medium was identical, except that 20% glucose was substituted for the honey. The yeast was grown aerobically for 96 hr prior to harvesting.
Leuconostoc mesenteroides MAC 246, used for D-ARABITOL PRODUCTION BY S. ROUXII by the cysteine-carbazole method (Anderson and Wood, 1962a; Dische and Borenfreund, 1951) . Pentitols were determined by the periodateformaldehyde method of West and Rappoport (1949) . Inorganic phosphate was determined by the method of Fiske and SubbaRow (1925) . Pro- tein was determined by the 280:260 ratio method of Warburg and Christian (1942) . Enzymatic. Crude extracts of S. rouxii were prepared from cells washed twice by treatment in a 10-kc, 250-w oscillator for 25 min, followed by centrifugation to remove cell debris. Dehydrogenase assays were performed spectrophotometrically with the aid of a Gilford Log Converter (Wood and Gilford, 1961) by observing the rate of reduced nicotinamide adenine dinucleotide (NADH2) or reduced nicotinamide adenine dinucleotide phosphate (NADPH2) oxidation in the presence of ketopentose. One unit is described as the amount of dehydrogenase producing an absorbancy change of 1.0 per minute at 340 m,u in a reaction volume of 0.15 ml (1-cm light path). Kinase assays were performed in a manner described by Anderson and Wood (1962b) .
The activity of alkaline phosphatase eluted from a diethylaminoethyl (DEAE)-cellulose column was determined from the hydrolysis of p-nitrophenyl phosphate, as described by Torriani (1960) . Acid phosphatase was assayed by the release of inorganic phosphate from the various substrates (Fiske and SubbaRow, 1925) .
Ribitol (-* D-ribulose) and D-arabitol (-* D-xylulose) dehydrogenases were prepared from Aerobacter aerogenes, as described previously . Xylitol (-* D-xylulose) dehydrogenase was prepared by gradient elution with KCl of a crude extract of Acetobacter suboxydans from DEAE cellulose (Kersters, Wood, and DeLey, J. Biol. Chem., in press). Xylitol (-* L-xylulose) dehydrogenase from guinea pig liver was prepared by the method of Hickman and Ashwell (1959) .
Chemical. D-Xylulose was isolated after growth of A. suboxydans on D-arabitol (Reichstein, 1934) . D-Ribulose was isolated as the o-nitrophenylhydrazone after isomerization of D-arabinose (Glatthar and Reichstein, 1935) . D-Xylulose-5-phosphate and D-ribulose-5-phosphate were prepared by phosphorylation of the ketoses by use of D-xylulokinase and D-ribulokinase from A. aerogenes (Mortlock et al., 1965) , according to the method of Simpson and Bhuyan (1962) . Glucose-6-C14 was obtained from Volk Radiochemical Co., Skokie, Ill. All other preparations were from commercial sources.
Radiochemical. D-Ribose from ribonucleic acid (RNA) was isolated after growth on glucose-6-C'4, as described by Bernstein (1953 (Bernstein and Wood, 1957) .
D-Arabitol-C'4 produced from the fermentation of glucose-6-C14 was converted to D-xylulose-C'4 with D-arabitol (-* D-xylulose) dehydrogenase from A. aerogenes. The D-arabitol was incubated in the presence of nicotinamide adenine dinucleotide (NAD), pyruvic acid, lactic acid dehydrogenase, and tris (hydroxymethyl)aminomethane (Tris) buffer, pH 10.0 . The reaction was followed to completion by determining D-xylulose formation with the cysteine-carbazole test. D-Xylulose-C'4 was chromatographed in butanol-acetic acid-water, eluted, and diluted with carrier D-xylulose. D-Xylulose-CI4 was fermented to acetate and lactate with L. mesenteroides .
The acetate was separated from lactate by steam distillation, and the lactate was recovered by continuous ether extraction. Each was then purified by Celite chromatography (Bernstein and Wood, 1957) . Lactate was oxidized with permanganate to give acetate from C-2 and C-3 of lactate and CO2 from C-1 (Abraham and Hassid, 1957) . The acetate was purified by Celite chromatography and degraded by the Schmidt procedure, as described by Phares (1951) in the apparatus described by Krichevsky and Wood (1961) . C02 from C-1 of acetate was collected and counted in 0.25 M NaOH. The methylamine from C-2 of acetate or C-3 of lactate was distilled and isolated as the hydrochloride salt. Radioactivity was determined in the Packard Tri-Carb liquid scintillation spectrometer in the counting system described by Baldwin, Wood, and Emery (1963) . Table 1 shows the distribution of radioactivity in the pentose and pentitol. It is evident that the C-6 of glucose becomes C-5 of both D-ribose and D-arabitol, and that virtually no activity is found in the other carbon atoms. Also, the recovery of the activity at the completion of the procedure was 85%, indicating the acceptability of the procedure. The absence of cross-contamination in the degradation procedures for lactate and acetate has been established (Baldwin et al., 1963) .
RESULTS

Labeling
Pentitol dehydrogenases of crude extracts. Crude extracts of S. rouxii catalyzed the reduction of D-ribulose with NADPH2 and D-xylulose with NADH2 ( Fig. 1) . These represent the principal polyol-producing reactions of extracts and, hence, probably of whole cells (Table 2) . It is particularly significant that reductions of Dribulose-5-phosphate and D-xylulose-5-phosphate were not observed. Table 3 illustrates the ability of crude extracts to oxidize the four pentitols. These reactions performed against an unfavorable equilibrium were aided by trapping the ketopentose formed in semicarbazide buffer, thereby favoring the accumulation and measurement of reduced nicotinic acid adenine dinucleotide. In t Koch, Geddes, and Smith (1951) .
pH 7.0; (iv) precipitation with ammonium sulfate between 60 and 75 % saturation. Reaction characteristics of the dehydrogenase were examined with the partially purified preparation. The enzyme exhibited a sharp pH optimum of pH 6.0 for D-xylulose reduction. The Michaelis constant (Km) for D-xylulose in cacodylate buffer (pH 6.0) was 1.2 X 10-2 M.
For identification of the pentitol and ketopentose involved, the reactions were performed at pH 6 in the presence of D-xylulose and NADH2, or at pH 9.2 with xylitol, NAD, sodium pyruvate, and lactic dehydrogenase. The reactions were terminated by the addition of perchloric acid, and the perchlorate was removed by neutralization with KOH. The supernatant liquid was deionized by passage through IR-120 (H+) and IR-45 (OH-). The ketopentose or pentitol was purified by chromatography on Dowex-1-borate, and the eluates containing the peak were treated with methanol to remove the borate, as described by Khym and Zill (1952) . The products of ketopentose reduction and pentitol oxidation were examined after purification. Paper chromatography, Dowex-1-borate chromatography, and specific enzymes were used for positive identification of the pentitol. The cysteine-carbazole test, as well as paper chromatography and specific enzyme tests, was used to identify the ketopentose formed on pentitol oxidation. The product formed by reduction of D-xylulose gave a positive periodate-formaldehyde test and a negative cysteine-carbazole test (Table 4 ). The Rp value on paper chromatography (detected with silver nitrate) was identical to that of authentic xylitol and the product cochromatographed with xylitol on Dowex-1-borate. When tested as a substrate for specific enzymes, it again behaved as did xylitol. Thus, it was evident that D-xylulose is reduced to xylitol.
In a similar manner, the compound isolated after oxidation of xylitol behaved identically to D-xylulose in the same series of tests. Based upon these identifications, the enzyme is a xylitol (-*) D-xylulose) dehydrogenase.
Purification and properties of D-arabttol ( D-rzbulose) dehydrogenase. The dehydrogenase reducing D-ribulose with NADPH2 was purified 12-fold by the following steps: (i) precipitation of nucleic acids with 0.4% protamine sulfate in the presence of 0.1 M ammonium sulfate; (ii) precipitation of the activity between 50 and 75% saturation of ammonium sulfate; and (iii) adsorption to calcium phosphate gel and elution with 0.2 M phosphate buffer, pH 7.0.
Characteristics of the partially purified enzyme preparations were examined as previously described. The enzyme for D-ribulose reduction had a broad pH optimum at pH 6.0. The Km for D-ribulose in cacodylate buffer (pH 6.0) was 2.0 X 10-2 M. Products of D-ribulose reduction and D-arabitol oxidation were prepared and purified as described above for D-xylulose and xylitol, except that NADP was regenerated in a system containing glutamic dehydrogenase, which was present in the crude extract, ac-ketoglutarate, and ammonium hydroxide-ammonium chloride buffer, pH 9.4 (Weimberg, 1962 (Table 6 ). The acid phosphatase was purified 40-fold by: (i) adjusting the pH of the crude extract to 3.5 with HCI and removing foreign protein by centrifugation; (ii) precipitation of the majority of remaining protein by ammonium sulfate, 90% saturation; (iii) exhaustive dialysis against 0.02 M Tris buffer (pH 7.0); (iv) lyophilization to dryness and solution of the residue in a small volume of water. The specificity towards various phosphate esters is shown in Table 6 . A series of carbohydrate phosphate esters, including Dribulose-5-phosphate and D-xylulose-5-phosphate, were hydrolyzed; however, the activity was considerably higher on hexose phosphates.
Coupled phosphatase-pentitol dehydrogenase reactions. In exploratory experiments, it was found that the phosphatase could be assayed spectrophotometrically in the presence of D-ribulose-5-phosphate, NADH2, and excess ribitol (--D-ribulose) dehydrogenase purified from A. aerogenes. The reaction was dependent upon D-ribulose-5-phosphate, ribitol (--D-ribulose) dehydrogenase, and phosphatase (Fig. 2) .
In a large scale reaction, ribitol was identified enzymatically as the final end product with ribitol (-k D-ribulose) dehydrogenase. The product did not react with D-arabitol (-D-xylulose) dehydrogenase from A. aerogenes. The Km for Dribulose-5-phosphate, as determined in this assay, was 4.0 X 10-8 M. The phosphatase was inactivated by heating at 70 C for 10 min, and inhibited 96% by fluoride ion (6.7 X 10-2 M) and 90% by phosphate ion (6.7 X 10-2 M).
In a similar manner, the phosphatase was coupled to the D-arabitol (-* D-ribulose) dehydrogenase purified from S. rouxii. Figure 2 shows the dependence of the reaction upon substrate, dehydrogenase, and phosphatase. The product of the coupled reaction was identified as D-arabitol with D-arabitol (-k D-xylulose) dehydrogenase.
The product gave no reaction in the presence of ribitol (-> D-ribulose) dehydrogenase.
DISCUSSION
The specificity of the pentitol dehydrogenases and identification of the products formed in both the oxidation of pentitols and the reduction of (Schmidt et al., 1963) . If a similar situation existed in S. rouxii, D-ribulose-5-phosphate would be unavailable for dephosphorylation. However, Suomalainen, Linko, and Oura (1960) reported that approximately 30% of baker's yeast acid phosphatase was located intracellularly. In a similar study, Tonino and Steyn-Parv6 (1963) 89, 1965 culture, and the composition of the growth medium. Preliminary experiments with whole cells of S. rouxii indicated an inability to dephosphorylate D-ribulose-5-phosphate, as measured by the liberation of inorganic phosphate. Secondly, the optimal pH of whole baker's yeast acid phosphatase is between 3 and 4 (Schmidt et al., 1963) . The activity at pH 6.0 is negligible, whereas the optimum of the acid phosphatase of S. rouxii is between 5.5 and 6.5. Apparently, the Spencer and Shu (1957) , may now be partially understood. Weimberg and Orton (1963) reported that the synthesis of acid phosphatase by S. mellis is inhibited by a high extracellular inorganic phosphate concentration. This in vivo effect was not investigated in S. rouxii, but the activity of the purified acid phosphatase was found to be markedly inhibited by inorganic phosphate. Thus, it appears that both the synthesis and activity of the acid phosphatase may be under regulation of the intracellular inorganic phosphate concentration. The stimulation of D-arabitol synthesis by a high oxygen tension is considered to result from an increased glucose oxidation through the hexose monophosphate An increased yield of D-arabitol has been reported to be coupled to a decreased yield of ethanol under aerobic conditions (Spencer and Shu, 1957) . This would be expected for increased participation of the hexose monophosphate pathway and the regeneration of NADP via D-arabitol formation. These considerations indicate that NADPH2 is not readily oxidized by molecular oxygen, but that NADP is regenerated by a system analogous to the anaerobic produc-tion of ethanol and regeneration of NAD by alcohol dehydrogenase.
The overall sequence of reactions for D-arabitol synthesis is illustrated in Fig. 3 
